Forced desorption of nanoparticles from an oil-water interface. by Garbin, V et al.
Forced desorption of nanoparticles from an oil-water interface 
V. Garbin, J. C. Crocker, K. J. Stebe 
 
1 
 
 
SUPPORTING INFORMATION 
 
1. Presence of co-adsorbed trace ligands 
A control experiment was carried out to confirm the presence of trace ligands in the 2.3 nm nanoparticle 
suspension. The suspension, diluted to the working concentration n = 1.9×1014 NPs/mL, was ultra-filtered 
through a 100 kDa centrifugal filter (Amicon Ultra, Millipore) to remove the Au nanoparticles but let 
trace ligands pass through. The nanoparticles remained trapped on the membrane as confirmed by visual 
examination of the filter. The surface tension reduction measured with the particle-free solution 
asymptotes to ∆γ ~ 0.2 mN/m at t = 1500s; in comparison, for the case of the nanoparticle solution (n = 
1.9×1014 NPs/mL) the value after 1500 s is ∆γ ~ 1.1 mN/m and the surface tension is still decreasing. The 
surface pressure Π versus the area A of the drop upon compression is shown in Figure S1 for the two 
cases (solid line: trace ligands; circles: nanoparticle suspension). Although the control experiments 
confirm the presence of co-adsorbed trace ligands, their effect is not dominant in the phenomena reported 
in the paper.  
 
2. Calibration of the specific absorbance ε of the Au-MUTEG nanoparticles (acore = 2.3 nm) 
The %w/v concentration of Au in the stock solution was measured by drying and weighting a known 
volume of suspension. The number density of particles was computed assuming uniform size acore = 2.3 
nm (nominal: 1.8−2.8 nm) and using ρ = 19.3 g/mL for the density of Au. The optical transmittance of a 
diluted sample (400×) was compared with pure DI water. The specific absorbance at 455 nm was found to 
be ( ) 19 220 2 10 m /NPε −= ± × , in keeping with the literature values [1].  
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Figure S1. Control experiment to determine the influence of trace ligands. (a) Adsorption of trace 
ligands (solid line): ∆γ ~ 0.2 mN/m.  Adsorption of nanoparticle suspension (circles): ∆γ ~ 1.1 
mN/m.  (b) Π(A) curves upon compression. The surface pressure generated by the particles 
(circles) is much larger than that generated by the trace ligands alone. 
3. Measurement of area density Γ from a desorption experiment 
The area density Γ can be measured using a mass balance argument and a photometric measurement. A 
drop initially loaded with Ns1 particles is compressed to its threshold area for desorption, and its Π(A) 
curve is measured (see Figure S2). As the particles start to desorb, the drop is rapidly re-expanded by a 
small amount to arrest the desorption process. The number of particles left on the drop is Ns2 = Ns1−∆Ns. 
Images of the cloud of ∆Ns desorbed particles are recorded as it sediments and eventually disappears from 
the field of view. During this time, the drop can be assumed to have maintained the same number of 
particles Ns2, because its coverage is sufficiently large that adsorption is slow. After the cloud of desorbed 
particles has sedimented, the drop is rapidly expanded to its initial area (~18 mm2, see Figure S2(a)) and 
re-compressed to measure a second Π(A) curve. The curves are shifted, reflecting the change in number 
of particles; the same coverage is reached at different areas. In the reversible region (see Figure 2(c)) the 
surface pressure is a single-valued function of Γ:  
 
( ) ( )1 2 1 2Π Γ =Π Γ ⇒ Γ = Γ ; s1 s2
1 2
N N
A A
= ; s1 1
s2 2
N A
N A
=  
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Figure S2. (a) Π(A) curves upon compression before (solid symbols) and after (hollow symbols) 
desorption. (b) Area scaling makes the two curves collapse onto each other. 
The ratio Ns1/Ns2 is obtained from the experiment as the area scaling factor (A1/A2) that makes the two 
Π(A) curves collapse onto each other (see Figure S2(b)). The number of desorbed particles ∆Ns =Ns1−Ns2 
is measured by analyzing the images recorded during sedimentation of the plume as described in the 
following. Knowing Ns1/Ns2 and Ns1−Ns2 we compute Ns1, Ns2. 
 
4. Quantitative photometry of a desorption experiment 
The recorded images are pre-processed using a flat-fielding algorithm to reduce camera noise and 
illumination shading. The measurement of ∆Ns requires an image that contains the whole plume of 
desorbed particles (Figure S3(a)) and a reference image where all the desorbed particles have sedimented 
out of the field of view (Figure S3(b)). The number of particles in the first image is Ns1 = Ns2+ ∆Ns, 
whereas in the second image there are Ns2 particles. ∆Ns can be extracted using Beer-Lambert’s law of 
attenuation, ( )0 expI I nzε= − , where I is the transmitted light intensity, I0 the incident light intensity, ε 
the specific absorbance of the nanoparticles, n their density in suspension, and z the path length. 
Integration of the intensity over each image returns: 
 ( ) ( )1 0 s1 0 s s2exp expI I N I N Nε ε = − = − ∆ +  ,  ( )2 0 s2expI I Nε= − . 
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Figure S3. Desorption. (a) Plume of desorbed particles. (b) Reference image of the drop after the 
desorbed particles have sedimented. 
Thus, ( )1 s
2
expI N
I
ε= − ∆ . This operation optically removes the Ns2 particles that are still adsorbed on the 
drop surface from the resulting image, isolating the ∆Ns particles in the sedimenting plume. Recasting in 
terms of absorbance: 1 s
2
ln I N
I
ε
 
= − = − ∆ 
 
A . The absorbance A  (Figure S4(a)) is 0 everywhere and has 
a positive value where the particles are present. Due to diffraction, and to a small change in the size of the 
drop between the images with and without plume, A  presents an artifact at the edge of the drop (bright rim 
visible in Figure S4(a)). Here the values of A  (0 < A  < 1) are not representative of particle concentration. 
By tracking the edge of the drop in the two images we generate a mask to flatten the edge, where we 
manually set the absorbance to a suitable value. The corrected absorbance is shown in Figure S4(b). The 
range of values of absorbance is now  0<A  < 0.12. With the absorbance set to A  = 0.035 over the mask, 
we find ∆Ns ≈ 6.58 ×1010 NPs for the number of particles in the plume. The error in setting the value of A  
to a constant over the whole mask is estimated by setting a minimum (A min=  0) and a maximum (A max =  
0.7) value for A , and computing the corresponding ∆Ns,min and ∆Ns,max. The maximum error on ∆Ns1 is 
s,max s,min
s
10%
N N
N
∆ −∆
≈
∆
 .  
Knowing ∆Ns we calculate the number of interfacial particles on the drop prior to desorption to be Ns1 ≈ 
3.52×1011 NPs to within 10%. 
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Figure S4. (a) Absorbance A  after subtraction of the Ns2 particles on the drop surface. 
(b) Absorbance A  corrected with mask at the edge of the drop. 
 
5. In situ photometry of the particle-laden drop. Calibration of the absorbance versus area density.  
The photometry technique can be used to measure the absorbance of the particle-laden drop in situ. The 
intensity I transmitted at the center of the drop is compared with the intensity I0 outside the drop, as 
shown in Figure S5. The two intensities differ because of two effects: I is affected by the presence of the 
adsorbed nanoparticle layer with area density Γ; in addition, the light traveling through the center of the 
drop is attenuated by the bulk nanoparticle solution over a length L − 2R since there are no particles inside 
the oil drop (R is the drop radius, L the full path length in the cuvette). 
  
Figure S5. In situ photometry of the particle-laden drop. 
 
The Beer-Lambert law for the two optical paths reads: 
 
( )0 in expI I nLε= − ,  ( )( )*in exp 2 2I I n L Rε ε= − − − Γ  
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where Iin is the intensity of the incident light,ε the specific absorbance of the nanoparticles, n their density 
in solution, and Γ their area density on the drop. Note the factor 2 in the term that depends on Γ, owing to 
the fact that the light travels across the layer of particles 2 times. We introduced ε* for the specific 
absorbance of the particles in the surface layer, since plasmonic coupling may become important at close 
separation distance [2]. The absorbance due to the drop is then: 
 
*
0
ln 2I nR
I
ε ε
 
= − = Γ − 
 
A  
 
Since ε* is a function of Γ, A  is nonlinear in Γ. The function A(Γ) was experimentally calibrated and was 
found to increase monotonically with Γ up to desorption, and to be only weakly nonlinear, with a 
maximum deviation from linearity of 20%. 
 
6. Streaming of nanoparticle suspension. 
To demonstrate streaming of a dense suspension of nanoparticles, we gently deposited a droplet of 
aqueous nanoparticle suspension (50 µL, acore = 2.3 nm, 162 10 NPs/mLn ≈ × ) in pure water. The 
suspension sedimented due to gravity faster than particles could diffuse away (Figure S6), exhibiting the 
behavior of a dense suspension immersed in a fluid of lower mass density [3, 4]. 
 
Figure S6. Streaming of a dense suspension of nanoparticles in water. 
Forced desorption of nanoparticles from an oil-water interface 
V. Garbin, J. C. Crocker, K. J. Stebe 
 
7 
 
References 
1. Liu, X., et al., Extinction coefficient of gold nanoparticles with different sizes and different 
capping ligands. Colloids and Surfaces B: Biointerfaces, 2007. 58(1): p. 3-7. 
2. Collier, C., T. Vossmeyer, and J. Heath, Nanocrystal superlattices. Annual Review of Physical 
Chemistry, 1998. 49(1): p. 371-404. 
3. Batchelor, G.K., Brownian diffusion of particles with hydrodynamic interaction. Journal of Fluid 
Mechanics, 1976. 74(01): p. 1-29. 
4. Metzger, B., M. Nicolas, and É. Guazzelli, Falling clouds of particles in viscous fluids. Journal of 
Fluid Mechanics, 2007. 580: p. 283. 
 
 
